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Shortwave vegetation index (VI) and leaf area index (LAI) remote sensing products yield inconsistent
depictions of biophysical response to drought and pluvial events that have occurred in Brazil over the
past decade. Conﬂicting reports of severity of drought impacts on vegetation health and functioning have
been attributed to cloud and aerosol contamination of shortwave reﬂectance composites, particularly
over the rainforested regions of the Amazon basin which are subject to prolonged periods of cloud cover
and episodes of intense biomass burning. This study compares timeseries of satellite-derived maps of LAI
from the Moderate Resolution Imaging Spectroradiometer (MODIS) and precipitation from the Tropical
Rainfall Mapping Mission (TRMM) with a diagnostic Evaporative Stress Index (ESI) retrieved using ther-
mal infrared remote sensing over South America for the period 2003–2013. This period includes several
severe droughts and ﬂoods that occurred both over the Amazon and over unforested savanna and
agricultural areas in Brazil. Cross-correlations between absolute values and standardized anomalies in
monthly LAI and precipitation composites as well as the actual-to-reference evapotranspiration (ET) ratio
used in the ESI were computed for representative forested and agricultural regions. The correlation ana-
lyses reveal strong apparent anticorrelation between MODIS LAI and TRMM precipitation anomalies over
the Amazon, but better coupling over regions vegetated with shorter grass and crop canopies. The ESI was
more consistently correlated with precipitation patterns over both landcover types. Temporal compar-
isons between ESI and TRMM anomalies suggest longer moisture buffering timescales in the deeper root-
ed rainforest systems. Diagnostic thermal-based retrievals of ET and ET anomalies, such as used in the ESI,
provide independent information on the impacts of extreme hydrologic events on vegetation health in
comparison with VI and precipitation-based drought indicators, and used in concert may provide a more
reliable evaluation of natural and managed ecosystem response to variable climate regimes.
Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).1. Introduction range of scales. In the past decade, Brazil has experienced majorDroughts and pluvials are normal and recurring climatic
phenomena that affect people and the landscapes they occupy at
many scales (locally, regionally, and nationally) for periods of time
varying from weeks to decades. The spatial and temporal vari-
ability and multiple impacts of moisture anomalies at both
extremes present challenges for mapping and monitoring over thisdrought events resulting in profound social, environmental and
economic impacts which have raised great interest and concern
in the scientiﬁc community and within government institutions
engaged in monitoring and mitigation. Because Brazil is a major
producer and exporter of soybean, corn, and cotton, realtime
monitoring of impacts on Brazilian agricultural production is also
important from a global market standpoint. In addition, there is
ever-growing interest in monitoring impacts of changing climate
on the health and resilience of Brazilian forested lands, which
constitute a major fraction of the Amazon rainforest.
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Amazonia during 2005 and 2010, and in northeast Brazil in 2012–
2013. In 2005, a 40-year low in river levels (14.75 m) was mea-
sured in the Rio Negro recorded at Manaus in central Amazonia,
superseded in 2010 by the lowest river level (13.63 m) ever record-
ed (Marengo et al., 2008, 2011). These events signiﬁcantly affected
waterborne transportation, agriculture, generation of hydroelec-
tricity, food security and human health along the rivers of the
region. Commensurate with these drought events was an increase
in wildﬁre outbreaks, with damage to vast areas of forest as well as
production of dense smoke affecting human health and closing air-
ports (Marengo et al., 2008). Ongoing severe (50-year) drought
events in northeast Brazil in 2012–2013 have impacted more than
1400 municipalities (Leivas et al., 2012; Marengo et al., 2013a),
leading to a declaration of a state of public calamity and the import
of water supplies by truck.
Rapid onset drought events, or ‘‘ﬂash droughts’’, afﬂicted the
southern region of Brazil in 2005, 2009 and 2012. Such events
have little lead warning time, and can result in signiﬁcant ﬁnan-
cial loss. According to Agencia Brasil (Brazil Agency), the 2012
‘‘ﬂash drought’’ resulted in agricultural losses exceeding 2 billion
reais (approximately $870 million) in southern Brazil and more
than 800 million reais ($348 million) for the Agricultural
Activities Guarantee Programme (Proagro), according to the
Department of Rural Credit and Proagro of the Central Bank. In
Rio Grande do Sul (one of the three states in the south region),
34% of grain production was lost in 2012 due to drought
(FARSUL, 2013).
While agriculture has clearly borne major impacts with quan-
tiﬁable economic ramiﬁcations, most drought/ﬂood research in
Brazil has focused on ecological aspects relating to the Amazon
rainforest (Chen et al., 2010; Coelho et al., 2012; Espinoza et al.,
2012; Hastenrath et al., 1984; Lewis et al., 2011; Liu et al., 1994;
Marengo et al., 2013a, 2013b, 2008, 2011; Moura and Shukla
1981; Phillips et al., 2009; Saleska et al., 2007; Samanta et al.,
2010a). Conclusions from these studies regarding the resilience
of rainforest to rainfall extremes have been mixed, with some
results suggesting that drought-induced stress in 2005 led to
increased vigor in green vegetation cover as indicated by satellite
vegetation indices (VIs) (Saleska et al., 2007). Others have not been
able to reproduce these ﬁndings, and suggest incomplete treat-
ment of aerosol/clouds in the Moderate Resolution Imaging Spec-
troradiometer (MODIS) VI products used created spurious
anticorrelations between precipitation and VI anomalies
(Samanta et al., 2010a).
Such great social, environmental and economic impacts caused
by droughts and ﬂoods in Brazil have led government institutions
to seek new and dynamic approaches to monitoring the severity
of these natural events, as well as to serve as a tool to support
decision makers in mitigating drought impacts. Currently, only a
few federal institutions provide proxy information regarding
drought conditions at the national scale (e.g. the Agrometeoro-
logical Monitoring System – Agritempo, the National Institute of
Meteorology – INMET, and the National Institute for Space Research
– INPE). Much of this monitoring relies on the existing rain gauge
network, largely installed over the past 10–15 years and with some
limitations in sampling density – particularly in north-central Bra-
zil. This lack of high quality precipitation data presents a signiﬁcant
challenge for national drought and ﬂood monitoring capabilities.
Available stream gauge datasets provide valuable long-term
information for major river systems, but it is difﬁcult to extrapolate
these point measurements to broader spatial coverage.
In the face of these data needs, operational satellite-based
hydrologic monitoring can provide valuable spatial context for
interpreting national in-situ precipitation and streamgauge data-
sets (Wardlow et al., 2012). Of speciﬁc relevance to monitoringanomalies in agricultural water use and ecosystem health are tech-
niques based on remote sensing of evapotranspiration (ET) using
satellite-derived maps of landsurface temperature (LST) retrieved
from thermal infrared (TIR) imagery (Anderson et al., 2012a,
2013, 2011a, 2011b). LST is a diagnostic indicator of both surface
energy balance, including evaporative ﬂuxes (the latent heat ﬂux
in units of Wm2, or ET in terms of mass loss in mm d1), and
vegetation stress as expressed through enhanced canopy tem-
peratures. In recent rapid drought onset events occurring over
the United States, the Evaporative Stress Index (ESI), representing
standardized anomalies in the ratio of TIR-based ET to reference
ET (fRET), provided advanced warning – often by more than 4 weeks
– of signiﬁcant degradation in drought severity classiﬁcation
reported in the United States Drought Monitor (Anderson et al.,
2013; Otkin et al., 2013a, 2013b). In comparisons over the conti-
nental U.S., Hain et al. (2012, 2011) found that TIR retrievals of fRET
provided useful proxy information about rootzone soil moisture
conditions under dense vegetation – areas where microwave soil
moisture retrievals typically fail. These ﬁndings suggest utility for
ESI in terms of timely assessments of drought impacts and soil
water availability at national scales, over strongly heterogeneous
landscapes.
The purpose of this paper is to evaluate the performance of the
ESI in its ﬁrst application outside the continental U.S., with speciﬁc
focus on assessing differences in index response over forested and
agricultural lands in Brazil. We compare ESI behavior over this
domain with that of two principal drivers of the reference ET ratio
(fRET) describing consumptive water use: precipitation (water sup-
ply) and green biomass (water consuming agent) as quantiﬁed by
the Leaf Area Index (LAI). Because the ET estimates used in the
ESI are diagnosed via LST and energy balance rather than water
balance, the ESI provides independent conﬁrmation of emerging
drought signals in comparison with precipitation-related indices
typically used in drought monitoring, and potentially at much
higher spatial resolution (Yilmaz et al., 2014). LAI is functionally
related to shortwave vegetation indices such as the Normalized
Difference Vegetation Index (NDVI) or Enhanced Vegetation Index
(EVI), which have also frequently been used to assess drought
impacts over the Amazon region as discussed above but with
somewhat ambiguous conclusions.
In this paper, ESI computed over a baseline from 2003 to
2013 is compared to anomalies in rainfall derived from Tropical
Rainfall Measuring Mission (TRMM) data and in LAI products
from MODIS (Collection 5). TRMM precipitation and MODIS
vegetation products have been staples in many existing studies
of Amazonian vegetation and drought dynamics (e.g., Anderson
et al., 2010; Doughty and Goulden, 2008; Lewis et al., 2011;
Myneni et al., 2007; Saleska et al., 2007; Samanta et al., 2012),
and therefore serve as well-established benchmarks for com-
parison. These satellite mapping products and derived anomalies
are ﬁrst compared at the continental scale over South America to
provide spatial and historical context over the past decade. Then,
relative response in product anomalies to major drought and
ﬂood events in Brazil from 2003 to 2013 is examined, as well
as variability in temporal coupling between indices in different
vegetation zones.2. Study area
ESI, TRMM and MODIS LAI datasets have been assembled
over a grid with 0.1  0.1 (nominally 10  10 km) spatial
resolution covering the South American continent (see extent
in Fig. 1a). Within this region, the focus is primarily on impacts
observed in the country of Brazil, although maps are shown
over the full continent to provide spatial context. Fig. 1 also
Fig. 1. (a) Study region, highlighting regions/states in Brazil used in correlation analyses. Also shown is (b) a map of land use over Brazil circa 2006 (IBGE, 2010).
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Central West and Amazon) of Brazil that are of interest in the
drought analyses, as well as the agricultural states of Maranhão
(MA), Piauí (PI), Bahia (BA), Mato Grosso (MT), Mato Grosso do
Sul (MS), Goiás (GO), Paraná (PR), and Rio Grande do Sul (RS) in
which correlations between drought indicators are assessed (see
Table 1).
Landuse in the country of Brazil is shown in Fig. 1b. This map is
based on the last agricultural census carried out in 2006 by the
Brazilian Institute of Geography and Statistics (IBGE; http://
www.ibge.gov.br/english/) and demonstrates the prevalence of
forest over north Brazil (principally Amazonia), and the transition
into partial to predominant agricultural use toward the south
and east. Crops grown in rotation (primarily soybean, corn and
wheat) are found predominantly in the south and southeast, but
are expanding north with new fronts of land occupation. The cen-
tral-west region is dominated by cultivated pasture, which has
been replacing natural pasture since 1985. The largest area of
extractive agriculture is in the north, while the northeast region
is distinguished by a great diversity of agricultural and extractive
uses.3. Remote sensing data
3.1. Leaf area index
To evaluate drought impacts on green vegetation amount, daily
LAI maps over the South American domain were obtained from the
4-day global 1-km MODIS LAI product (MCD15A3 Terra-Aqua
combined, Collection 5), available from mid-2002 to present. The
product was temporally smoothed and gap-ﬁlled following the
procedure described by Gao et al. (2008), based on the TIMESAT
algorithm of Jonsson and Eklundh (2004). In this procedure, an
adaptive Savitsky-Golay smoothing ﬁlter is applied to the LAI
time-series at each pixel, with weighting factors set based on
retrieval quality. In speciﬁc, two quality control (QC) layers
(FparLai_QC and FparExtra_QC) in the MODIS LAI product are inter-
rogated to ensure clear and high quality retrievals receive higher
weights. If sufﬁcient high quality retrievals are not available during
some time period, an appropriate land-cover class dependent sea-
sonal curve is identiﬁed among neighboring pixels with good
annual coverage and adjusted based on the available timeseries
data. The ﬁt curve is used to ﬁll gaps during persistently cloudy
Table 1
States and regions considered in the timeseries and correlation analyses. Also given are regionally averaged temporal correlation coefﬁcient hri computed between fRET, LAI and
TRMM timeseries and anomaly timeseries (all 1-month composites).
Acronym State/region Region Correlations
fRET v. fRET v. LAI v. ESI v. ESI v. LAI0 v.
TRMM LAI TRMM TRMM0 LAI0 TRMM0
AM Amazon North 0.43 0.16 0.21 0.20 0.04 0.09
MA Maranhão Northeast 0.66 0.78 0.35 0.19 0.37 0.03
PI Piauí 0.69 0.84 0.61 0.19 0.45 0.06
BA Bahia 0.43 0.70 0.48 0.29 0.57 0.19
MT Mato Grosso Central west 0.71 0.58 0.47 0.39 0.29 0.16
MS Mato Grosso do Sul 0.52 0.81 0.51 0.46 0.47 0.26
GO Goiás 0.76 0.92 0.78 0.50 0.52 0.31
PR Paraná South 0.38 0.68 0.19 0.54 0.46 0.27
RS Rio Grande do Sul 0.16 0.46 0.05 0.27 0.39 0.21
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series while attempting to minimize the inﬂuence of data collected
under cloudy conditions or high aerosol loads associated with bio-
mass burning, which are suspected to result in artifacts in time
behavior of VI and LAI products over the Amazon (Samanta et al.,
2010b).
3.2. Evaporative stress index (ESI)
The ESI represents standardized anomalies in a normalized
clear-sky ET ratio, fRET = ET/ETref, where ET is actual ET and ETref
is a reference ET scaling ﬂux used to minimize impacts of non-
moisture related drivers on ET (e.g., seasonal variations in radiation
load). Here we use the FAO-96 Penman–Monteith (FAO PM) refer-
ence ET for grass, as described by Allen et al. (1998). Anderson et al.
(2013) compared use of several different scaling ﬂuxes over the
continental U.S. and found the FAO PM equation provided best
agreement with drought classiﬁcations in the US Drought Monitor
and with soil moisture-based drought indices.
Actual ET estimates used to generate the ESI products for this
study were obtained from a MODIS-based version of the TIR
remote sensing Atmosphere-Land Exchange Inverse (ALEXI) model
(Anderson et al., 1997, 2007b; Mecikalski et al., 1999). ALEXI uses
measurements of the morning surface radiometric temperature
rise, typically provided by geostationary satellites (DTRAD_GEO),
as the main diagnostic input to a two-source (soil + vegetation)
model of surface energy balance, effectively based on the principle
that wetter surfaces warm less rapidly during the morning hours.
Anderson et al. (1997) demonstrated that use of a time-differential
LST signal reduces model sensitivity to errors in the absolute tem-
perature retrieval due to errors in atmospheric and emissivity cor-
rections. ALEXI ﬂux estimates have been evaluated over several
ﬂux measurement sites across the U.S. and in Europe using a spa-
tial disaggregation technique (DisALEXI; Anderson et al., 2004;
Norman et al., 2003), indicating errors in daily actual ET on the
order of 10–15% over a broad range in vegetation and climate con-
ditions (Anderson et al., 2012b, 2007a, 2005; Cammalleri et al.,
2012, 2013, 2014). For global applications, however, dependence
on multiple international geostationary datasets, with differing
sensor characteristics, calibrations and temporal extent, is a limit-
ing factor for ALEXI. Therefore, this study employs an analog sys-
tem that uses polar orbiting MODIS day-night LST observations
to derive a proxy for DTRAD_GEO (called DTRAD_POLAR) through
multi-variable regression. MODIS-based values of DTRAD_POLAR
were evaluated against DTRAD_GEO measurements from the Geo-
stationary Operational Environmental Satellites (GOES, U.S.) and
Meteosat Second Generation (MSG, Europe) over a six-year study
period (2007–2012). This six-year validation period was withheld
from the training of the regression algorithm. In general, strong
agreement between DTRAD_POLAR and DTRAD_GEO was found(R2 = 0.91) with root-mean squared errors on the order of 8–10%
over the six validation years. The MODIS-enabled ALEXI (ALEXI_
POLAR) has the advantage of providing global coverage using a sin-
gle polar-orbiting platform.
ALEXI_POLAR was executed daily over South America on the
0.1 grid shown in Fig. 1. The model was forced with meteoro-
logical inputs from NASA’s Modern-Era Retrospective Analysis for
Research and Applications (MERRA; Rienecker et al., 2011), DTRAD
inputs from the MODIS Aqua MYD11C1 climate modeling grid
(CMG) product (Collection 5), and LAI from the ﬁltered MODIS pro-
duct described in Section 3.1. MERRA meteorological data were
also used to compute ETref using the FAO PM approach. Standard-
ized anomaly computations for transforming time composites of
fRET time-series into ESI are described in Section 4.1. The procedure
uses fRET values retrieved near local noon under clear-sky condi-
tions. It is hypothesized that use of clear-sky ET retrievals (as
opposed to all-sky estimates) results in better separation of soil
moisture-induced controls on ET from drivers related to variable
radiation load such as cloud cover. In addition, thermal retrievals
of LST are limited to clear-sky conditions, which poses a challenge
in some parts of Brazil during the rainy season.
3.3. Tropical rainfall mapping mission
The TRMM 3B42 v7 precipitation product (Huffman et al., 2007)
is used in this study to delineate spatiotemporal variability in
moisture supply over the modeling domain. This product is
obtained by merging observations acquired at microwave and IR
wavelengths. The native product has 0.25 spatial resolution and
is provided at daily time-steps. Daily precipitation values over
the ALEXI grid were obtained from the closest native TRMM
3B42 pixel.
4. Methods
4.1. Temporal composite and anomaly computations
Standardized anomalies in LAI, TRMM rainfall and clear-sky fRET
(i.e., ESI) were computed from temporal composites generated
within 4, 8 and 12-week (approximately 1, 2 and 3-month) moving
windows advancing at 7-day timesteps. Composites were comput-
ed as an unweighted average of all index values over the interval in
question:
hvðw; y; i; jÞi ¼ 1
nc
Xnc
n¼1
vðn; y; i; jÞ; ð1Þ
where v represents LAI, rainfall or fRET, hvðw; y; i; jÞi is the composite
for week w, year y, and i, j grid location, vðn; y; i; jÞ is the value on
day n, and nc is the number of days with good data during the
M.C. Anderson et al. / Journal of Hydrology 526 (2015) 287–302 291compositing interval. Cloudy-day values from ALEXI_MODIS were
ﬂagged and excluded from the composites. To avoid composites
computed from only a few unﬂagged values during pervasively
cloudy periods, a threshold of 50% of total days within the window
had to be exceeded or the ESI composite pixel was ﬂagged as bad.
This leads to missing data in ESI over the Amazon during the rainy
season, particularly between December and February. The TRMM
and MODIS LAI datasets were completely ﬁlled and therefore exhi-
bit no blanking due to data gaps.
All composited indices were then transformed into a ‘‘z-score’’,
normalized to a mean of zero and a standard deviation of one.
Fields describing ‘‘normal’’ (mean) conditions and temporal stan-
dard deviations at each pixel are generated for each compositing
interval over the baseline period 2003–2013. Then standardized
anomalies at pixel i, j for week w and year y are computed as
vðw; y; i; jÞ0 ¼
hvðw; y; i; jÞi  1ny
Pny
y¼1hvðw; y; i; jÞi
rðw; i; jÞ ; ð2Þ
where the second term in the numerator deﬁnes the normal ﬁeld,
averaged over all years ny, and the denominator is the standard
deviation. In this notation, fRET0 computed for an X-month compos-
ite is referred to as ESI-X, where X is 1, 2 or 3. A range of composite
intervals is useful for investigation of drought impacts at different
timescales (e.g., discriminating between meteorological and agri-
cultural drought). Furthermore, longer timescale composites in ESI
and ET will have more complete coverage over the modeling
domain during the rainy season. For example, the average missing
data fraction over the Amazon region (Fig. 1) peaks in late MarchFig. 2. August–October composite of clear-at about 60% in ESI-1, 30% in ESI-2 and 20% in ESI-3. In comparison,
during the dry season the missing data fractions over this region
average around 2%, 1% and 0.5% for ESI-1, -2, and -3, respectively.
In addition, longer term dry-season anomalies for May to October
were computed to summarize annual variability in each index.5. Results
5.1. Climatological patterns
The August-October composite of clear-sky midday latent heat
ﬂux in Fig. 2, generated with ALEXI_POLAR for 2013, illustrates the
strong north–south gradient in evaporative ﬂux that exists across
the South American continent. The MODIS LST inputs to ALEXI_PO-
LAR capture details in the hydrologic landscape, including
enhanced evaporative ﬂux over the Amazon River network in Bra-
zil and the Paraná River extending into Argentina. Similar ET
enhancements have been identiﬁed in ALEXI ET products over
major river networks in the U.S. (Hain et al., 2015) and in the Nile
basin (Yilmaz et al., 2014). In addition, reductions in ET associated
with major forest logging cuts in the northern Brazilian state of
Pará are evident in Fig. 2. ET is depressed relative to normal over
northeast Brazil in this year due to a persistent severe drought that
started in 2012.
The seasonal cycles in precipitation, reference ET ratio (fRET) and
MODIS LAI, and cross-correlations between these variables, are
also highly variable over this geographic domain. Annual
timeseries of clear-sky fRET, averaged over the baseline periodsky midday latent heat ﬂux for 2013.
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Table 1, are compared with climatological MODIS LAI and TRMM
precipitation cycles in Fig. 3. Fig. 4 presents maps of temporal
cross-correlation between fRET, TRMM, MODIS LAI products sam-
pled at monthly intervals throughout the 11-year timeseries, with
region-averaged correlation statistics summarized in Table 1. In
computing these correlations, LAI and TRMM timeseries were
ﬂagged using the ESI product to ensure consistent temporal sam-
pling between product pairs during the rainy season. The products
were composited to1-month intervals to reduce temporal depen-
dence between data samples.
The Amazon region, along with forested areas of Chile and
Argentina, show signiﬁcant anticorrelation between the ﬁltered/
smoothedMODIS LAI and the TRMM and fRET timeseries, with aver-10
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(Fig. 4; Table 1). Normal timeseries averaged over the Amazon bas-
in show a modest peak in MODIS LAI during the dry season (May
through October), with annual variation between 4.4 and 5.2
(Fig. 3). This is consistent with the ﬁndings of Myneni et al.
(2007) for the period 2000–2005, who argued that the seasonal
cycle in LAI in the Amazon is primarily driven by the annual
insolation curve, with ﬂushing of new leaves occurring near the
beginning of the dry season and abscission beginning with the
onset of the rainy season – i.e., out of phase with the rainfall cycle.
This interpretation, however, is inconsistent with in situ measure-
ments of LAI inferred from canopy light interceptance and tower
measurements of gross ecosystem exchange of carbon dioxide,
both of which show a minimum during the dry season (Doughty4
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ent increase in LAI from the MODIS retrieval algorithm is related to
spectral properties of new green leaves generated during the dry
season ﬂush, which tend to have higher reﬂectances in the NIR
than older leaves, rather than an actual increase in biomass. There-
fore, areas of strong anticorrelation with LAI in Fig. 4 may be due in
part to spectral artifacts and require further investigation.
In contrast, the fRET timeseries are positively correlated with
TRMM precipitation rates over most of the continent, with
hri = 0.43 over the Amazon and higher correlations in areas
dominated by savanna, grasslands, crops and pasture (Fig. 4;
Table 1). TRMM and MODIS LAI correlations are also predominant-
ly positive over non-forested landcover classes. Correlations ofboth fRET and LAI with TRMM are reduced in the southern states
of Paraná and particularly Rio Grande do Sul in comparison with
more northern states (Fig. 4; Table 1) because the amplitude of
the average seasonal rainfall pattern is relatively weak in the south
(Fig. 3). A similar degradation in correlations related to depressed
seasonal rainfall amplitude is observed in parts of eastern Brazil,
including the coastal region of Bahia.
5.2. Anomalies
While the climatological assessments in Section 3.2 reveal sea-
sonal tendencies in satellite retrievals of rainfall, biomass, and
evapotranspiration, analyses of anomalies from the seasonal norms
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294 M.C. Anderson et al. / Journal of Hydrology 526 (2015) 287–302focus on how these quantities co-vary in response to year-to-year
variability in weather and moisture conditions, as well other
potential stressors.
Monthly maps of ESI-2 for 2003–2013 in Fig. 5 describe the
cycle of drought and pluvial patterns observed over the SouthAmerican continent during the past decade as evidenced in the
evaporative loss component of the hydrologic budget. Here, 2-
month composites are used to improve spatial coverage during
the rainy months while retaining month-to-month variability.
Major Amazon droughts in 2005 and 2010 are captured by the
M.C. Anderson et al. / Journal of Hydrology 526 (2015) 287–302 295ESI, as well as a ﬂood event of 2009 (Marengo et al., 2008, 2011,
2013b). The persistent drought from 2012 to 2013 in the northeast
states is also apparent.
Compared on an annual timestep in Fig. 6, maps of ESI, TRMM
and MODIS LAI dry season anomalies (composited from May to
October, where ESI coverage is fairly complete) generally exhibit
similar spatial patterns. Exceptions include strong departures of
LAI anomalies during the 2005 drought and 2009 ﬂood events over
the Amazon (Fig. 6). These events are discussed further below.
Maps of temporal correlations between ESI-1 and anomalies in
1-month composites of TRMM precipitation and LAI, each sampled
at monthly intervals, are shown in Fig 7. Again, TRMM and LAI
timeseries were ﬂagged consistent with the ESI-1 timeseries to
ensure comparable temporal sampling over the central Amazon.
In these plots, correlations |r| > 0.18 are signiﬁcant at p < 0.05. As
with the seasonal LAI timeseries in Fig. 4, an anticorrelation with
anomalies in LAI is observed over the Amazon rainforest, whereas
signiﬁcant positive correlations between ESI and TRMM0 and LAI0
are observed in grassland and agricultural areas characterized by
shorter vegetation.
In the sections that follow, the spatiotemporal behavior of the
ESI, TRMM and LAI anomaly products as exempliﬁed in Figs. 5–7
are examined in greater detail, with speciﬁc focus on the Amazon
and agricultural production regions of Brazil.
5.2.1. Regional anomalies over the Amazon
In Fig. 8, timeseries of monthly ESI, TRMM and LAI standardized
anomalies for 2003–2013, area-averaged over the Amazon basin,
clearly demonstrate the anticorrelation that exists in this region
between MODIS LAI anomalies and the moisture-related drought
indicators (Fig 7). Here, 3-month composites have been used to
suppress high temporal frequency noise in all products. ESI and
TRMM anomalies show stronger temporal correspondence, but
there are periods where the correlations break down. Notable
departures follow the dry season droughts of 2005 and 2010,
where negative anomalies in ESI persist several months after pre-
cipitation anomalies start to improve, as indicated in the ESI –
TRMM0 anomaly differences plotted in Fig. 8. This delayed
equilibration behavior suggests memory of antecedent precipita-
tion deﬁcits associated with the deep rootzone soil moisture pool
that supports transpiration ﬂuxes in this densely forested region.
In contrast, positive rainfall anomalies during the dry seasons in
both 2003 and 2004 preceded ESI enhancements that persisted2003 2004 2005 2006 2007 2008
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I
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M
M
’
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I’
-2 -1 0
Fig. 6. Annual standardized anomalies in fRET (ESI), TRMM precipitatithroughout 2004 and into the 2005 drought (Fig. 8). This persistent
elevation in reference ET fraction contributes to differences
between May-Oct ESI and TRMM anomalies for 2004 observed in
Fig. 6.
July–September (JAS) anomalies in LAI, fRET and TRMM pre-
cipitation associated with the 2005 and 2010 Amazon droughts
and May–July (MJJ) anomalies during the 2009 ﬂood are shown
in Fig. 9, demonstrating varying degrees of agreement between
these three indicators as discussed below.
2005 Drought: Both TRMM0 and ESI capture the drought event of
2005 (Fig. 9), which began around April of that year and strongly
affected western Amazonia, over an area comprising the state of
Acre and part of Amazonas, as well as some parts of border coun-
tries (Marengo et al., 2008). In contrast, LAI anomalies peak at posi-
tive values in early August, a few weeks before the negative
minima in the ESI and TRMM anomaly timeseries (Fig. 8). A similar
temporal anticorrelation was observed by Anderson et al. (2010),
comparing MODIS EVI (C5) and TRMM rainfall anomalies for
2005 over the Amazon. Patterns of positive MODIS LAI anomalies
for the July–September period of 2005 (Fig. 9) resemble those in
the cloud and aerosol screened EVI maps in Samanta et al.
(2010a), both in spatial distribution and anomaly magnitude.
Saleska et al. (2007) found even stronger positive EVI anomalies
with the MODIS C4 version and attributed this to drought-induced
green-up in an energy limited vegetation system due to decreased
cloudiness – a claim that has been challenged in other studies as an
artifact of incomplete screening of poor quality data (Samanta
et al., 2010a, 2010b). In addition, Phillips et al. (2009) observed
widespread dieback in Amazon monitoring plots following the
2005 drought, in apparent contradiction with the drought green-
up hypothesis, but more consistent with the vegetation stress pat-
terns identiﬁed by the ESI (Fig. 9). While the Timesat-processed
MODIS LAI timeseries used here also show a small positive increase
on average over the Amazon basin during the 2005 drought, fRET
anomalies suggest a strong decrease in vegetation water use dur-
ing JAS, particularly over the western region where precipitation
deﬁcits were strongest. Given that water loss is predominantly
through transpiration during this period, this would imply a
decrease in canopy conductance and photosynthetic activity, con-
sistent with tower water and carbon ﬂux observations in south-
western Amazonia (Zeri et al., 2014).
2010 Drought: Strong negative ESI and TRMM anomalies are also
evidenced during the 2010 Amazon drought in central West Brazil,2009 2010 2011 2012 2013
1 2
on and MODIS LAI (May to October composites) for 2003–2013.
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Fig. 7. Cross-correlation between 11 year timeseries of 1-month composites of fRET, TRMM precipitation and MODIS LAI standardized anomalies sampled at monthly
intervals.
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southwestern Amazonia and border countries from July through
September/October (Figs. 5 and 9). In this case, LAI0 also showed
a response during the dry season, turning negative after July
(Fig. 8) with area of impact similar to that seen in the ESI JAS
anomalies (Fig. 9). The LAI anomalies in Fig. 9 resemble spatial pat-
terns in JAS MODIS EVI (C5) anomalies for 2005 and 2010 pub-
lished by Xu et al. (2011), comparing magnitude and spatial
extent of greenness declines between these two Amazon dry sea-
son drought events. Based on negative anomalies in EVI and NDVI
products subjected to rigorous cloud and aerosol clearing, Xu et al.
(2011) conclude that the 2010 drought impacted a larger percent-age area of rainforest than did 2005 (51.4% vs. 14.3%), in general
agreement with comparisons by Lewis et al. (2011) using TRMM
data. According to Fig. 9, the water use impacts in 2005 were dis-
proportionately large in comparison with apparent greenness
declines, while impacts were more comparable in the 2010
drought.
2009 Flood: In contrast, during 2009 heavy rainfall in northeast
Brazil began in early April and persisted for several months, caus-
ing a major ﬂood event which devastated several states in the
region, as was widely reported by national and international
media. During this year, the water level of the Rio Negro recorded
at Manaus reached 29.77 m, representing a return interval of
123
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Fig. 8. Eleven year timeseries of fRET, TRMM precipitation and MODIS LAI standardized anomalies (3-month composites) sampled at weekly intervals and averaged over the
Amazon basin (AM in Fig. 1). Major Amazon droughts of 2005 and 2010 are highlighted with red boxes, and the pluvial of 2009 in blue. Also shown are differences between
ESI-3 and TRMM0-3 (gray line), with a 20-week moving average superimposed (black line). (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
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Fig. 9. JAS standardized anomalies in LAI, fRET (ESI), and TRMM for 2005 (top row) and 2010 (bottom row), and MJJ anomalies for 2009 (middle row). The Amazon basin is
outlined in black.
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related positive ESI and TRMM anomalies peaking midyear (Fig. 6).
Spatiotemporal patterns in the ESI and precipitation anomalies
from TRMM satellite in Figs. 5 and 6 agree well with those present-
ed in Marengo et al. (2012). Monthly evolution in positive ESI
through 2009 (Fig. 5) also shows some spatial correspondence with
regions of signiﬁcant increase in terrestrial water storage (TWS)
diagnosed by Chen et al. (2010) using the Gravity Recovery and Cli-
mate Experiment (GRACE). LAI anomalies, however, are strongly
anticorrelated with ESI and TRMM0 during this time period
(Fig. 8). Peak negative LAI anomalies (of magnitude on the orderof 0.3 to 0.7 in LAI units) occur from May to July in a band spa-
tially coincident with areas of highest TRMM precipitation (Fig. 9).
Areas of anomalous ‘‘browning’’ in 2009 were also noted by
(Samanta et al., 2012) in an analysis of 2000–2009 MODIS EVI
timeseries.
5.2.2. Regional anomalies over agricultural production areas
Timeseries of ESI, TRMM and LAI anomalies for the 8 Brazilian
agricultural states listed in Table 1 are shown in Fig. 10, along with
plots of ESI – TRMM0 departures. In contrast to the Amazon basin,
the ESI, TRMM and LAI anomalies over these regions with
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ing the strong anticorrelation with LAI evident in Fig. 8. ESI –
TRMM0 departures for most of these states do not exhibit the same
degree of temporal coherence observed for the Amazon. An excep-
tion is in Mato Grosso (MT), where the response to the 2010
drought resembles that observed in AM. This drought
encompassed MT, which abuts the Amazon basin and still includes
patches of uncleared forest. A few hydrologic extreme events are
evident across most geographic regions and indicators in Fig. 10– most prominently the pluvial of 2009, and a widespread drought
afﬂicting eastern Brazil in 2007 (Fig. 5). In addition, several region-
al droughts have caused great losses for the agricultural sector dur-
ing the last decade.
For example, the southern region of Brazil (including PR and
RS) experienced severe ‘‘ﬂash’’ drought events during 2005,
2009 and 2012, signiﬁcantly impacting crop yields (FARSUL,
2013; Sousa Junior et al., 2012). A comparison of ESI with LAI
and TRMM anomalies over south and northeast Brazil during
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Fig. 11. (a) Standardized anomalies in LAI, fRET (ESI), and TRMM for JFM 2005 (top row), JFM 2012 (middle row), and AMJ 2012 (bottom row). (b) Municipal level soybean
yield maps for the 2005 and 2012 harvests (IBGE).
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(Fig. 11) show good agreement between indicators, and with
MODIS EVI anomalies published by Sousa Junior et al. (2012).
This is a period of maximal sensitivity of regional soybean crops
(typically planted in November and harvested in March) to soil
moisture deﬁcits. Municipalities with reduced soybean yield har-
vested in 2005 and 2012, as reported by IBGE, coincide with
areas of anomalously low precipitation, LAI, and reference ET
ratio during JFM, indicating degraded vegetation health and
moisture availability (Fig. 11).
Starting in April 2012, the epicenter of drought in Brazil shifted
to the northeast, where it persisted throughout the year and into
2013 (Fig. 5). Gutiérrez et al. (2014) report that the 2012–2013northeast drought has been one of the most severe in 100 years,
with many municipalities declaring a state of emergency and yield
losses in rainfed agricultural systems on the order of 90% compared
to 2011. LAI0, TRMM0 and ESI show similar patterns of drought sig-
nal migration between JFM and AMJ (Fig. 11). Again, this is in con-
trast with the typical behavior observed over the Amazon where
the signals from these indicators are often highly decoupled during
periods of rapid change in hydrologic status. This suggests stronger
control by precipitation deﬁcits on biophysical functioning (water
use and biomass production) in these agricultural ecosystems in
comparison with the evergreen forests of the Amazon, where deep-
er rooting systems may induce time lags between patterns of water
supply and consumption.
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Comparisons between ESI, MODIS LAI and TRMM precipitation
timeseries for the period 2003–2013 suggest that LAI and TIR-
based relative ET anomalies over the Amazon give a very different
picture of biosystem response to hydrologic extremes. This may be
due to in part to residual cloud and aerosol contamination in the
MODIS LAI C5 products, or to biophysical issues such as changes
in leaf spectral properties with age. The difference in response
may also reﬂect cumulative physical impacts resulting from rapid-
ly recurring hydrological extremes. We note that Collection 6
MODIS reprocessing is underway, and enhanced aerosol and atmo-
spheric corrections or changes to the LAI algorithm in C6 may alter
the trends and ﬁndings reported here.
Toomey et al. (2011) note that in the face of such conﬂicting evi-
dence, an independent measure of biophysical stress is beneﬁcial.
They evaluated day and nighttime MODIS LST anomalies as an
independent indicator of stress and found evidence that heat stress
played a role in tree mortality observed during the 2005 and 2010
Amazon droughts. Here, morning surface temperature rise (DTRAD)
inferred from day-night MODIS LST temperature differences are
interpreted as a diagnostic signal of evaporative ﬂux, predominant-
ly partitioned to transpiration during the dry season over the rain-
forest. Given the strong coupling between carbon uptake and water
loss by transpiration, TRAD and DTRAD may also be effective and
independent proxy indicators of drought impacts on carbon sinks
(Anderson et al., 2008). In the case of the 2005 drought, ESI sug-
gests a more extensive impact on transpiration (and therefore car-
bon uptake) than indicated by LAI anomalies alone. Impacts are
more similarly depicted by the two indicators during the second
drought in 2010, which may indicate a stronger sensitivity in bio-
mass production in the face of the recurrent moisture deﬁcits.
While cross-correlations between ESI and TRMM anomalies are
stronger than those with LAI0, relative excursions between the two
timeseries appear to suggest different timescales associated with
water supply and water consumption components of the hydrolog-
ic budget within the Amazon basin. The rootzone soil moisture
proﬁle may reﬁll more quickly after a severe dry season drought
(e.g., 2005 and 2010) than the trees can recover. Similarly, in wet-
ter times, the deep-rooted vegetation may be more resilient to
short periods of wet season dry spells (e.g., 2003–2004).
In unforested parts of Brazil, reference ET fraction, precipitation
and LAI anomalies show stronger temporal coupling. The moisture
capacitance afforded by the shallower rooting systems in these
areas is reduced in comparison with that of the rainforest
(Nepstad et al., 1994). All three biophysical indicators are well-re-
lated to drought impacts as reﬂected in crop yield variability, at
least in the south where crops are more responsive to climate
due to a lesser degree of mechanization in comparison with north-
ern corporate cropping systems (Sentelhas et al., 2015). A detailed
analysis of yield correlations for different regions, crop types and
drought indicators is in progress. For yield estimation, a multi-in-
dex approach may prove optimal, given the diversity and range
in driving factors and response that exist across the country of
Brazil.
While TIR-based retrievals of DTRAD from geostationary and
polar orbiting satellites provide an independent diagnostic of
vegetation stress, sampling in central Amazon is limited during
December to March due to persistent cloud cover, inhibiting retrie-
val of LST using thermal infrared imaging. Incorporation of alterna-
tive modes of LST retrieval, for example using passive microwave
imaging combined with modeling, into the ESI system is being
explored as a means to ﬁlling rainy season gaps, particularly prob-
lematic in equatorial regions (Holmes et al., 2015). In addition,
fusion of higher resolution TIR-based retrievals using Landsat
appears a promising approach for evaluating evaporative stressat higher spatial scales (down to 30 m), and for validating ESI
and ET retrievals at ﬂux measurement sites – at scales commensu-
rate with the ﬂux tower footprint (Cammalleri et al., 2013, 2014).7. Conclusions
Time-series of MODIS LAI and TRMM precipitation products for
the South American continent and the time period 2003–2013
were compared with a remotely sensed retrieval of actual-to-refer-
ence ET ratio (fRET) based on diurnal land-surface temperature
changes, with speciﬁc focus on relative index behavior over Brazil.
Comparisons were conducted both in terms of absolute quantities
and standardized anomalies, to separate correlations induced by
seasonal patterns from correlations in year-to-year variability
associated with drought and pluvial events.
Consistent with prior studies, signiﬁcant anticorrelation was
observed between MODIS LAI and TRMM precipitation values
and anomalies over the Amazon rainforest. The cause of this
anticorrelation remains ambiguous, and has been ascribed in the
literature to either real biophysical responses or artifacts in the
LAI retrieval associated with persistent cloudiness and high atmo-
spheric aerosol contents. In contrast, the Evaporative Stress Index
(ESI), quantifying standardized anomalies in fRET, shows stronger
correlations with TRMM anomalies and minimal anticorrelation
over the Amazon region, at variance with claims that the rainforest
has greened in response to recent droughts.
Signiﬁcant positive correlations were observed between LAI,
TRMM and ESI timeseries over shorter vegetation classes, including
crop and pasture lands. This may reﬂect stronger coupling between
short-term variability in moisture supply (precipitation) and
vegetation vigor (ET and LAI) associated with ecosystems with
relatively shallow rooting depths, in comparison with the deep-
rooted forest systems.
Vulnerability of human populations to exacerbated hydrological
extremes is of growing concern in Brazil (Marengo et al., 2013b),
leading to increased public discourse regarding strategies for
improving drought preparedness and climate resilience in the most
susceptible communities (Gutiérrez et al., 2014). Similar discus-
sions are occurring in Sub-Saharan Africa (Zaitchik et al., 2012)
and other climate sensitive regions. To best support adaptation
measures, a suite of indicators will be necessary – particularly
given the ambiguity sometimes conveyed by individual pairs of
indicators such as precipitation and LAI. Conversion of ALEXI from
a geostationary-based methodology to one using polar orbiting
MODIS LST acquisitions facilitates global monitoring of ET and
vegetation stress using a single consistent instrument. Prototype
global ESI products are currently undergoing initial analyses. Fur-
ther incorporation of AVHRR LST datasets may provide a means
of going back into the 1980s to provide a more complete climate
data record of ESI, with continuity provided in the post-MODIS
era with the Visible Infrared Imaging Radiometer Suite (VIIRS) on
the Joint Polar Satellite System (JPSS) platforms.Acknowledgments
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